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Kinetics of synaptic-vesicle recycling.
The kinetics of different steps in synaptic-vesicle recycling,
including exocytosis, internalization and repriming, have
recently been estimated in various types of living cell.
Vesicles that mediate fast synaptic transmission are
recycled locally for repeated release [1,2]. At the frog
neuromuscular junction, the use of tracer techniques and
electron microscopy showed over twenty years ago [1]
that, following exocytosis, synaptic-vesicle membrane is
retrieved by endocytosis and then passes through an
internal membrane compartment before ultimately
reappearing as a new synaptic vesicle, a process requiring
a minute or more. Recently, new techniques have been
developed that can be used to study this cycle in living
neurons. In particular, the capacitance technique has
been successfully used recently with neurons that secrete
via small, clear vesicles [3,4]. Furthermore, the develop-
ment of fluorescent dyes that stain nerve terminals in an
activity-dependent fashion, particularly the styryl dye
FM1-43 [5], has provided a complementary method for
investigating vesicle recycling. More specific, irreversible
labeling can be achieved by using fluorescently-labeled
antibodies to synaptic vesicle proteins [6]. Applications of
these new techniques have led to quantitative estimates of
various vesicle-recycling parameters in several different
cell types (Fig. 1, Table 1). A comparison of these differ-
ent estimates is instructive, and we shall focus on that in
this dispatch.
Mixing of recycled vesicles
Considerable evidence suggests that the fluorescent dye
FM1-43 works by reversibly partitioning into the outer
leaflet of membranes, without being capable of penetra-
ting the full thickness of the membrane. Thus, when
added to extracellular fluid, FM1-43 reversibly stains all
surface membranes, but it cannot reach the cytoplasm as
a free molecule. If, however, stained surface membrane is
internalized, for example by endocytosis, then the dye
becomes trapped in the resulting endosome, and persists
even if the preparation is washed in dye-free medium. If
the stained endosome subsequently undergoes exocyto-
sis, then the dye is lost and the cell destains. The dye
therefore makes it possible optically to study vesicle exo-
cytosis and recycling in living nerve terminals in real
time. Complete recycling has been studied most thor-
oughly at the frog neuromuscular junction and in
synapses of cultured hippocampal neurons.
Betz and Bewick [7] showed, using this optical technique,
that recycled vesicles mix, both morphologically and
functionally, with pre-existing vesicles at the frog neuro-
muscular junction. Dye spots - each spot representing a
vesicle cluster - were the same size, regardless of the
number of vesicles stained; only their brightness changed.
This implies that stained, recently recycled vesicles were
not sequestered in one part of a cluster. Furthermore, the
absolute rate of destaining was faster during the first of
two stimulus trains (separated by a 10 minute rest period).
The slower destaining rate during the second episode was
interpreted as reflecting the recycling (and mixing) of
vesicles that had lost their dye during the first stimulus
train; these destained vesicles competed with stained vesi-
cles for exocytosis during the second stimulus train,
thereby reducing the destaining rate.
Fig. 1. Four types of cell for which vesicle-recycling parameters have been estimated. (a) Frog neuromuscular junction: the axon termi-
nal is about 1-2 m in diameter; each vesicle cluster contains about 500 vesicles. (b) Cultured hippocampal neurons: the swellings
along the pre-synaptic axon, each a little less than 1 Im in diameter, contain about 100 vesicles; the axon lies on a post-synaptic den-
drite. (c) Bovine adrenal chromaffin cell: the cell, about 12 I.m in diameter, is shown with an attached patch clamp; the granules have
dense cores and are about 150 nm in diameter; there are about 20 000 granules per cell. (d) Goldfish retinal bipolar cell terminal: this
is pinched off a much larger cell; the terminal is about 8 .lm in diameter and contains about 60 'ribbons', little fence-like structures that
seem to act like fly-paper, in that synaptic vesicles seem to be stuck to them; there are also lots of free vesicles, not attached to ribbons.
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Ryan and Smith [8] looked for signs of vesicle mixing in
cultured hippocampal synapses using a different proce-
dure. Although vesicle clusters in these synapses are sig-
nificantly smaller than those at frog neuromuscular
junctions, making spatial analyses of single clusters less
straightforward, dye washout is considerably faster, mak-
ing repeated staining and destaining easier to quantify.
Hippocampal boutons were thus loaded with stain dur-
ing alternating short or long stimulus trains, designed to
produce either partial or complete loading of the vesicle
pool. The boutons were then destained and the time
constant of destaining was found to be independent of
the amount of initial staining, suggesting that recycled
vesicles mix with the pre-existing pool, as in frog motor
nerve terminals.
The difference in vesicle-cluster size in hippocampal
boutons and frog neuromuscular junctions is reflected in
their destaining kinetics (Table 1; pool depletion T).
Hippocampal boutons, which contain only about 100
vesicles, destain (at 10 Hz stimulation) with a time con-
stant of about 20 seconds. Frog neuromuscular junction
clusters contain several hundred to a few thousand vesi-
cles, and destain (at 10 Hz stimulation) with a time con-
stant of about 120 seconds. This agreement may, of
course, be fortuitous, as the calcium concentration, sensi-
tivity of the release process, and so forth are not known
for either cell type.
Bovine adrenal chromaffin cells are studied with a differ-
ent technique. Being an order of magnitude larger than
motor nerve terminals and hippocampal boutons, they
can be patch clamped, and so can be studied with the
capacitance technique [9], which provides a continuous
measure of the area of the surface membrane of the cell.
Thus, each time a chromaffin granule (about 150 nm
diameter) undergoes exocytosis, the surface capacitance
increases by about one femptoFarad, and the reverse
happens during endocytosis. Chromaffin cells contain
2 000 or more granules that can be released by high
intracellular calcium concentrations. The time constant
of this mobilization and release process is about 110 sec-
onds [10]. Recently, this powerful technique was applied
with great success to nerve terminals that secrete small
(50 nm diameter) clear vesicles ([3,4]; see below).
Recycle time
The complete recycle time - from exocytosis to exo-
cytosis - has been estimated at the frog neuromuscular
junction (Table 1; Recycle time). The rates of dye loss
and transmitter release during repetitive nerve stimula-
tion were proportional for about the first 75-90 seconds
of stimulation; thereafter the rate of dye loss slowed com-
pared to the rate of transmitter secretion [11]. This diver-
gence was interpreted as reflecting the release of 'second
generation' vesicles, that is, vesicles that had undergone
exocytosis, lost their dye, and recycled, refilling with
transmitter but not with dye. Then, their second bout of
exocytosis caused release of transmitter, but not dye.
A different approach was used to estimate the recycle
time at hippocampal synapses (Table 1), again taking
advantage of the relatively easy repeatability of the stain-
ing-destaining cycle with this preparation [8,12]. The
dye FM1-43 was applied for 30 seconds, and then
washed away; the preparation was stimulated continu-
ously during dye application, and for varying periods
after the dye was washed away. The dye taken up during
the initial 30 seconds could not be released immediately,
as the stained vesicles were still recycling. In fact, no dye
was released for about 15 seconds after the dye was
washed away - about 45 seconds after the start of stimu-
lation. This suggests that the minimum recycle time is
between 15 and 45 seconds at hippocampal synapses.
The terminals of goldfish bipolar cells have recently been
found to recover from a large stimulus, which releases
about 6 000 vesicles, with a time constant of about
60 seconds (Table 1; G. Matthews, personal communica-
tion). In bovine adrenal chromaffin cells, the recycling of
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granules is considerably more complex than the recycling
of the small, clear synaptic vesicles found at synaptic
terminals, and little is known about how, for example, a
granule refills with protein, a process that is likely to
require far longer than 1-2 minutes.
Vesicle exposure time
After a vesicle has undergone exocytosis, it is reinternal-
ized. The duration of exposure of the synaptic-vesicle
lumenal membrane to the extracellular fluid is of key
importance in understanding the mechanism of vesicle
recapture by the terminal. The experimental strategy for
measuring optically the interval between exocytosis and
internalization is simple: a synaptic terminal is stimu-
lated, and dye is applied at some time after the stimulus.
If exocytosed vesicles are still exposed when the dye is
applied, the dye will be taken up and the terminal will
be stained; if, on the other hand, all exocytosed vesicles
have been retrieved when dye is applied, the terminal
will not be stained. By repeating this procedure with
different intervals, it is possible to estimate how long
vesicles are exposed after exocytosis. Ryan and Smith [8]
stimulated hippocampal cultures at 10 Hz for 30 seconds,
applying dye at different times. They estimated that, dur-
ing the 30 seconds stimulus period, the half-time of
vesicle exposure was about 20 seconds; after the end of
the stimulus period, the half-time was about 40 seconds.
We have recently performed similar experiments on the
frog neuromuscular junction (using one muscle per time
point), and we found a half-time of about 40 seconds
after stimulation at 30 Hz for 1 minute (our unpublished
observations).
These results agree reasonably well, and also are in accord
with the original quantitative electron microscopic
observations of Heuser and Reese [1]. Taken together,
they suggest that membrane internalization requires sev-
eral tens of seconds for completion after exocytosis. For
more than two decades, this observation has seemed to
many investigators to be rather puzzling, if not counter-
intuitive, and some evidence is not easily accommodated
by it [13]. Sir Bernard Katz, in an address given in 1993,
reviewed his own thoughts as follows: "I'd thought that
the vesicular discharge would not only be a very quick
process, but that it would be brief and rapidly reversible.
In other words, I'd supposed that the vesicle would dis-
charge its diffusible transmitter molecules through a small
transient fusion pore and then quickly become separated
from the surface membrane and start reaccumulating
acetylcholine from the surrounding cytoplasm. This does
not seem to be the case, even at the neuromuscular junc-
tion: the transmitter release appears to be associated with
full exocytosis in which the vesicle explodes, turns inside
out and becomes part of the axon surface, and is recycled
only very slowly over a period of many seconds. Why
this should be so remains an unsolved puzzle to me."
Not long after Katz gave this address, von Gersdorff and
Matthews [3] published the first capacitance measure-
ments from a type of synaptic terminal - goldfish
bipolar terminals - that secretes via small clear vesicles.
They showed that, with relatively weak stimuli, the
exocytotic capacitance jump was reversed with a time
constant of only a few seconds, much faster than pre-
dicted by the microscopic measurements described
above. How can these evidently discrepant results be
reconciled? It is possible, of course, that the operation of
the bipolar nerve terminal is qualitatively different from
that of the frog neuromuscular junction or hippocampal
synapses. Bipolar synapses are tonically active (they do
not generate action potentials), do not contain synapsins
and do contain synaptic ribbons; perhaps differences like
these underlie an inherently faster retrieval mechanism
in the bipolar cell.
Another possibility is that a common mechanism oper-
ates, and that internalization time depends on the inten-
sity of the preceding stimulation [1]. For example, von
Gersdorff and Matthews [4] found that an elevated intra-
cellular calcium concentration (as expected to exist after
intense stimulation) inhibited endocytosis in bipolar cell
terminals. The situation may be different in chromaffin
cells [14,15] and pituitary cells [16], where elevated
calcium levels seem to stimulate a fast component of
endocytosis.
Another strategy for exploring the hypothesis that
endocytosis is slower with intense stimulation involves
the time required for the dye to partition out of the
membrane after exocytosis. If endocytosis retrieves the
vesicle membrane before the dye has a chance to dissoci-
ate from the membrane, then destaining will be incom-
plete. At the limit - that is, if endocytosis is very much
faster than dye dissociation from the membrane -
destaining might be prevented altogether. At present, the
time constant of dye dissociation from vesicle membranes
is not known (it is about 5-10 seconds from hippocampal
neuron surface membranes [8]), and there have been no
reports suggesting partial destaining under physiological
conditions. We found, however, that the protein kinase
inhibitor staurosporine selectively blocks destaining,
without affecting transmitter release very much, as if the
exposure time of the vesicle to the extracellular medium
were too short to permit FM1-43 to escape, but long
enough (more than a millisecond will do) to permit the
escape of transmitter (A.W. Henkel and WJ.B,
unpublished observations).
Repriming time
The time between internalization and reappearance of a
vesicle that is again capable of undergoing exocytosis is
termed the repriming time. Ryan and Smith [8] estimated
the repriming time for cultured hippocampal neurons by
applying the dye FM1-43 for 30 seconds, stimulating the
nerve continuously during and after dye application.
They found that they could destain the boutons by stimu-
lating for 90-120 seconds after the dye was washed away.
This is longer, by 30-60 seconds, than it takes to destain a
preparation that has rested after the staining period,
thereby allowing recycled vesicles to pass completely
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through the repriming period. This suggests that reprim-
ing takes at most 30-60 seconds (Table 1), and perhaps
much less time, as synaptic depression during the pro-
longed nerve stimulation would slow the destaining rate.
At the frog neuromuscular junction, repriming time can
be calculated as the difference between total recycle time
(75-90 seconds) and internalization time (time constant
about 60 seconds; our unpublished observations) - that
is, about 15-30 seconds.
Synaptic-vesicle mobility
One of the least understood, but most important, aspects
of synaptic-vesicle recycling is how they move. Are they
propelled by Brownian motion, or is their movement
more closely governed, for example by molecular
motors? Or do different movement mechanisms operate
at different stages in the cycle? A powerful and wide-
spread active transporter for synaptic vesicles at the frog
neuromuscular junction [17] and in cultured hippo-
campal synapses [6] can be unmasked by addition of the
protein phosphatase inhibitor okadaic acid. This drug
disrupts clusters of synaptic vesicles, causing them to
disperse throughout the terminal. The molecular identity
of the transporter is unknown, but at the frog neuro-
muscular junction it is not disturbed by colchicine
(which disrupts microtubule processes) or cytochalasin D
(which perturbs changes in actin filament length). Nor is
the physiological function of the transporter known; it
might serve to distribute vesicles between active zones, or
to move them to the pre-synaptic membrane during
nerve activity, or both.
We have recently studied the mobility of vesicles within
single vesicle clusters at the frog neuromuscular junction,
by photobleaching small portions of clusters and then
measuring the recovery from photobleaching as neigh-
boring, unbleached vesicles move into the bleached
region. Although rapid recovery occurs in preparations
treated with okadaic acid, we observed little or no recov-
ery in otherwise intact clusters, even during intense
nerve stimulation. This suggests that vesicles are sharply
constrained in their lateral movements, in both resting
and stimulated terminals (A.W. Henkel, R.M.A.P. Ridge,
L.L. Simpson and W.J.B., unpublished observations).
In summary, our understanding of the complex life-
cycles of exocytotic vesicles and granules is moving
forward along several parallel pathways. The capacitance
technique has been applied to an extensive array of cells
that secrete protein-filled granules, and recently even to
nerve terminals that secrete small clear vesicles at sites of
synaptic ribbons. Vesicle recycling in more conventional
neuronal synapses has been studied using vital fluorescent
dyes, particularly FM1-43. Each technique offers unique
advantages, and it seems likely that using them sim-
ultaneously in combination will be a fruitful area for
further studies.
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